Phase equilibria at 900°C in the Co-rich Co-Al-W ternary system are investigated through isothermal annealing of six alloy compositions for times up to 8000 h. The volume fraction of the L1 2 -c¢ phase co-existing with disordered FCC-c, B2 and D0 19 phases is found to steadily decrease with increasing annealing time indicating that it is unstable at 900°C. Additional heat treatments at 850 and 1000°C further suggest it is a nonequilibrium phase at all temperatures in the ternary system. The L1 2 -c¢ phase dissolves slowly with significant amounts remaining in some alloys after 8000 h at 900°C. However, the present work clearly indicates the microstructure is moving toward a three-phase equilibrium between c, D0 19 , and B2. The collected compositional and phase equilibria information provide much needed data for improving the available thermodynamic assessments of the ternary Co-Al-W alloy system.
Introduction
High temperature Ni-based superalloys owe their excellent high temperature strength and creep resistance properties to their microstructure consisting of a high volume fraction of coherent ordered L1 2 -c¢ precipitates in a disordered FCC-c matrix. Since the discovery of an analogous c-c¢ two-phase region in ternary Co-Al-W alloys, [1] significant research interest has been focused on the system. Alloys containing a relatively low number of elements (three to five), compared to mature Ni-based alloys containing as many as ten or more elements, have demonstrated promising elevated temperature properties; [2] while the higher melting temperature of Co compared to Ni creates the possibility of increased operating temperatures, and in turn, improved efficiency of turbine applications for which they are used.
Despite major efforts to exploit the potential of Co-based c-c¢ alloys, the thermodynamics and phase equilibria in the base ternary system, Co-Al-W, have largely been neglected. In their original publication in 2006, Sato et al. presented preliminary isothermal sections of the Co-rich portion of the phase diagram at 900 and 1000°C. [1] Since then, very little work has been published regarding phase equilibria in Co-Al-W; and the work that has been published is contradictory. Dmitrieva et al. [3] studied the liquidus and solidus surfaces in the Co-rich corner and presented two vertical section of the phase diagram, one for a mole fraction of Co of 75 % and the other for equiatomic Al and W content, but no mention of the ordered c¢ phase was made. Kobayashi et al. [4] studied phase equilibria in the ternary system at 900°C for annealing times up to 2000 h using a diffusion couple technique, concluding that the c¢ phase was metastable. This result was supported by the work of Tsukamoto et al. on a bulk cast alloy. [5] More recently, Xue et al. studied the microstructure of several compositions after annealing at 900°C for up to 1000 h, concluding that c¢ is an equilibrium phase. [6] Because of the contradictory results regarding phase equilibria in ternary Co-Al-W, most work in this system either assumes that the c¢ phase is an equilibrium one or ignores the question entirely, noting that additional alloying elements will be required to further stabilize the c¢ phase anyway. Several recent Calphad thermodynamic assessments have been performed assuming c¢ is an equilibrium phase at 900°C. [2, [7] [8] [9] Other work has focused on the mechanical properties of ternary and higher order alloys, [10] [11] [12] [13] [14] [15] [16] [17] the evolution and coarsening behavior of two-phase c-c¢ microstructure, [13, 15, [18] [19] [20] or the microstructure and partitioning behavior of quaternary and higher order alloying elements. [13, 15, [21] [22] [23] [24] [25] Furthermore, the only experimental data available for temperatures other than 900°C are the 1000°C isothermal section presented by Sato et al. [1] and data reported by Xue et al. at 1300°C. [6] If the development of new high temperature alloys based on the Co-Al-W ternary system is to be realized, an accurate understanding of the thermodynamics and phase equilibria of the system is essential as the foundation for building useful thermodynamic databases for alloy design and discovery. The purpose of this work is to answer some of the outstanding questions with respect to the ternary Co-Al-W system, and to gather the required phase equilibria data for constructing such a database. The focus of the present study is the 900°C isothermal section. However some results are presented at different temperatures, and will be the subject of future work.
Experimental Methods
The six alloys investigated in the present study are plotted on the phase diagram in Fig. 1 , which was redrawn from the diagram of Kobayashi et al., in which they included as dashed lines the proposed regions of three-phase metastable equilibrium between c¢ and the three surrounding phases c, D0 19 , and B2. [4] The compositions of the investigated alloys consist of a binary Co-W alloy, one alloy contained within each of the three three-phase regions surrounding the c¢ single phase field, and two alloys near or within the two-phase c-c¢ field, one where the c phase should be the majority phase at equilibrium and one with the c¢ phase as the majority phase. The nominal compositions for all the alloys are given in Table 1 (by mole fraction), along with the measured compositions of the as-prepared alloys.
The alloys were prepared by weighing the appropriate amounts of pure Al (mass fraction of 99.99 %), Co (mass fraction of 99.98 %), and W (mass fraction of 99.9 %) sufficient to produce a 30 g ingot; then arc melting under an inert Ar atmosphere. Al evaporation loss was minimized by first melting together the Co and W to reduce the alloy melting temperature and to ensure complete melting of W prior to Al addition. Despite this procedure, experience demanded that an additional fraction of 2.5 % of the required mass of Al be added to the measured charge to compensate for Al evaporation during the melting process. The samples were flipped and remelted 5-6 times.
The as-cast ingots were then cut into 1-2 g pieces and melt-spun (MS) using a ZrO 2 -coated quartz crucible onto a rotating Cu wheel spinning at 1000 RPM under a He atmosphere. The resulting ribbons were 1-3 mm in width, a few centimeters in length, and between 30 and 80 lm thick. The ribbon material was then encapsulated in quartz ampules under an inert He atmosphere and annealed at a temperature of 900°C for up to 8000 h; followed by a room temperature brine quench. The as-spun and annealed ribbons were characterized using x-ray diffraction (XRD) and scanning electron microscopy (SEM) equipped with a back-scatter electron (BSE) detector and energy dispersive x-ray spectrometer (EDS). Pure elemental Al, Co, and W, of the purity describe above, were used as standards for EDS analysis. The extremely fine microstructure of the as spun ribbons permitted use of the EDS to determine the bulk compositions and provided an ideal nearly homogeneous starting material for subsequent heat treatment. The uncertainty in the measured compositions was expressed as twice the calculated standard deviation of the measurements, or approximately a 95 % confidence level; where the total standard deviation was determined from both that reported for the EDS instrument and that arising from the repeatability of at least five measurements. The chosen EDS spectrum acquisition parameters yielded instrument standard deviations of 0.10, 0.28, and 0.24 % (mole fraction), for Al, Co, and W, respectively.
The volume fractions of phases present in the alloys after the various heat treatments were estimated via image analysis of multiple representative microstructures using the difference in shading between the various phases in the BSE images. As an example, consider a microstructure containing c, c¢, D0 19 and B2 (Fig. 3d) . The c and c¢ phases may occur either as part of a two-phase microconsituent (light + dark gray c + c¢ regions in Fig. 3d ) or as larger coarsened particles (dark gray c in Fig. 3d ). To properly quantify the amounts of all four phases, and for both Fig. 1 The ternary Co-Al-W phase diagram redrawn from Kobayashi et al. [4, 5] where the c¢ phase and accompanying twophase regions are shown as dotted lines to signify the metastability of the c¢ phase. The six alloy compositions in the present study are shown The uncertainties represent 95 % confidence intervals possible regions of existence of c/c¢, the images were analyzed in the following way. First, using low magnification images representative of the entire sample structure, the fraction of pixels corresponding to the white D0 19 and black B2 phases were counted. Second, the fraction of pixels belonging to both the B2 phase and the dark gray coarsened c phase was determined; and the fraction of B2 determined above was subtracted to yield the amount of coarsened c. In the lower magnification images, the c + c¢ regions were typically too fine to resolve the individual phases and it could be treated as a separate grey-scale phase for image analysis purposes. Thus the c contained within it was, for the most part, not counted during this step. The total fraction of the two-phase c + c¢ microconstituent was then determined by subtracting the pixels identified as D0 19 , B2, or coarsened c, from the total pixels in the image. Finally, the fractions of c and c¢ within the two-phase region were determined by analyzing images of only the two-phase structure at high magnification. The analysis software was used as much as possible to process the images and distinguish between phases to avoid human subjectivity; however it was necessary to provide some input to determine the cutoff points between the shading of each phase. Several systematic analyses of single images revealed a standard deviation in the volume fraction of 1.9 % from the mean calculated volume fraction of a given phase. This number was used along with the standard deviation of several repeated measurements to determine the uncertainty of the volume fraction measurements, expressed again as twice the combined standard deviation, or a 95 % confidence level.
Results and Discussion

As-spun Microstructure
Figure 2 presents BSE micrographs of the as-spun microstructures for the six alloy ribbons. Four of the alloys, 10 W 1 (L01), 10Al-7.5W (L02), 8.25Al-10W (L03), and 9.5Al-10W (L06) appear to be single phase FCC-c as determined by via XRD (not shown). The microstructure of the 7.5W-12.5Al (L04) composition is primarily single phase FCC-c with small B2 (CoAl) particles at grain boundaries (GBs); while the 12Al-15W (L05) alloy contains both B2 and l phases (Co 7 W 6 -D8 5 ) along the GBs. The secondary phase precipitates in both L04 and L05 are on the order of 100 nm in size; and the l observed in the as-spun L05 is found to completely dissolve after 1000 h at 900°C. The FCC grain size of all six alloys is fairly uniform with an average size between 5 and 15 lm. TEM investigation of the as-spun materials showed varying degrees of L1 2 ordering within the FCC phase of each alloy, appearing as clusters on the order of 2-5 nm within the FCC matrix. This result is consistent with the observations of Meher et al. in solutionized and quenched bulk alloys. [20] 3.2 Microstructural Evolution and c¢ Stability 3.2.1 Behavior at 900°C. The microstructures of the alloys obtained in the present study, located within the threephase fields at 900°C originally proposed by Sato et al. (Fig. 1) , are shown in Fig. 3 to 5 for annealing times between 168 and 8000 h. After 168 h (Fig. 3a) the majority of the L03 microstructure consists of the c + c¢ cuboidal microconstituent; as well as larger regions of coarse D0 19 (white) and c (dark gray). After 1000 h (Fig. 3b) , the fraction of c + c¢ decreases, while the amount of coarsened of c (dark gray) and D0 19 (white) increases. Regions of coarsened c¢ (light gray) are also observed. Both Fig. 3 19 should not be present in alloy L04 and c should not be present in alloy L05. Clearly equilibrium has not been reached even after 8000 h because, according to the Gibbs phase rule, four phases cannot be in equilibrium in a ternary system except at special temperatures. In L03, the B2 phase emerges after a heat treatment for 2000 h at 900°C; while the amount of the D0 19 phase in L04 is observed to increase. As the B2 and D0 19 phases form and become more prevalent with increasing annealing time, the fraction of c¢ decreases. Figure 6 presents the volume fraction of each phase as a function of annealing time for each of the five ternary alloys in the present study.
Microstructural evolution in L06, although not shown here, is very similar to that of L03, except the microstructure contains a higher volume fraction of c¢ for the same annealing time compared to alloy L03. Yet, from Fig. 6(e) , the amount of c¢ also decreases with increasing heat treatment time; and B2 is observed to form after annealing for 4000 h at 900°C. The L06 sample annealed at 900°C for 8000 h was lost because the quartz ampule was broken during the heat treatment. The microstructural evolution of L02 on the other hand behaves much like L04 (Fig. 6a) . The L02 samples annealed for 4000 h and 8000 h at 900°C exhibited appreciable loss in Al content compared to the nominal compositions. The likely cause of the loss of Al is its evaporation from the ribbon surface. All five ternary ribbon compositions showed signs of some Al loss up to about 10 lm from the ribbon surfaces. However the total ribbon thickness for these compositions exceeded 50 lm, leaving at least 30 lm in the ribbon center with a composition nearly equal to the nominal bulk compositions (see Table 2 ). The L02 ribbons annealed for 4000 and 8000 h were found to be only about 20 lm, causing the entire sample to exhibit Al loss. As a result, bulk compositions of L02 annealed at 4000 and 8000 h moved into the two phase c + D0 19 region of the phase diagram. These were the only two samples with compositions significantly different than alloy nominal compositions. The bulk compositions of all other samples were found to deviate from the measured as-spun compositions by <0.5 %. Despite the failure to reach equilibrium, the present study provides clear evidence of the instability of c¢ in the ternary Co-Al-W system. According to the Gibbs phase rule, at constant pressure four phases can be in equilibrium with one another only at specific points in composition and temperature space, e.g. a eutectic point. The appearance of a fourth phase in the alloys lying within the supposed three-phase regions would violate this fundamental thermodynamic rule; i.e. D0 19 in alloy L04 (selected to be in the three phase triangle c + c¢ + B2), B2 in alloy L03 (selected to be in the three phase triangle c + c¢ + D0 19 ), c in L05 (selected to be in the three phase triangle c¢ + B2 + D0 19 ). When these observations are combined with the observed decrease in the volume fraction of c¢ and the increase in the volume fractions of D0 19 and B2 with annealing time for all five ternary compositions, it can be concluded that c¢ is the nonequilibrium phase; and all five evolving microstructures are moving toward a three-phase equilibrium of c + D0 19 + B2 at 900°C in this ternary system. Given enough time the L1 2 -phase will dissolve completely at 900°C as suggested in the phase diagram of Kobayashi et al. and Tsukamoto et al. [4, 5] 3.2.2 Stability of c¢ at Other Temperatures. Most of the available experimental work on ternary Co-Al-W has Fig. 6 The volume fraction of each phase (measured as an area fraction from a micrograph) found in (a) L02, (b) L03, (c) L04, (d) L05, and (e) L06 as a function of annealing time at 900°C. L02 samples annealed for 4000 and 8000 h of L06 samples annealed for 8000 h were not useable. In (d) the individual amounts of c and c¢ were not resolvable for times less than 4000 h due to the fine microstructure. The error bars represent 95 % confidence intervals been performed at 900°C; and little is known of the phase equilibria at additional temperatures. Figure 7 presents the microstructural evolution of alloy L06 annealed at 850 and 1000°C for two annealing times.
At 1000°C, the alloy contains c and l phases with very little c¢ after 168 h (Fig. 7a) ; which further decreases to nearly zero after 1000 h (Fig. 7b) . The microstructure looks to be moving toward an equilibrium c + l two-phase field in agreement with Sato et al. [1] After 2000 h at 850°C, shown in Fig. 7(c) , just as at 900°C, four phases are again observed, c, c¢ and both D0 19 and B2; while after 4000 h the amount of c¢ is nearly zero. Results at both of these temperatures suggest that c¢ is unstable at all temperatures in the ternary system. A detailed description of phase equilibrium at these temperatures will be the subject of a future report. Table 2 summarizes the composition data collected from the samples annealed at 900°C for 4000 h. Figure 8 presents the Co-Al-W 900°C isothermal section of the phase diagram calculated using the assessment available in the TCNI6 database 2[9] after suspending the c¢ to yield a three-phase equilibrium between c, D0 19 , and B2 (Fig. 8a) ; and that determined experimentally in the present studied. The phase composition data summarized in Table 2 is overlaid on both diagrams. The phase boundaries in the calculated phase diagram are close to the compositions measured by Kobayashi, the only data available when the assessment was performed. The present compositional data for the c and D0 19 phase are in good agreement with previous measurements, while those for the B2 phase are leaner in Al than the measurements of Kobayashi. The true equilibrium compositions likely lie between the present measurements and those of Kobayashi. Because the c¢ phase has been shown in the present work to be slowly dissolving at 900°C, the compositions measured here (and in Ref 4, 5) do not represent true equilibrium tie-lines. In principle the compositions of the c, B2 and D0 19 phases must be all slightly supersaturated compared to what would exist once the c¢ phase has dissolved. The measured Al and W levels in c are likely higher than would exist in c once the true threephase c + B2 + D0 19 structure equilibrates. Similarly the measured Al level is higher and the W level is lower in the D0 19 phase; and the measured Al and W levels are lower in the B2 phase than would exist in these phase equilibrium has been reached. Thus one-sided error bars could be placed on the measured compositions of the c, B2 and D0 19 phases. However the phase compositions of c, D0 19 , and B2 measured in the present work do not change significantly between the 2000 and 4000 h annealing times, or from 4000 to 8000 h, so this error is likely on the order of a few tenths of a mole fraction in Al and W, well within the reported 95 % confidence interval. For instance, the measured B2 composition after 2000 h is 34.06 ± 1.75 % Al and 2.89 ± 0.80 % W, compared to 34.42 ± 1.33 % Al and 2.96 ± 0.23 % W after 4000 h. Complete compositional analysis could not be performed on the 8000 h annealed samples because two of the five ternary alloys were lost, but the EDS measurements that were taken compared very well with those measured after 4000 h.
Phase Compositions
The other primary difference between the present phase diagram (as well the calculated one) and that reported by Sato is the inclusion of the ferromagnetic to paramagnetic transition in the c phase. The composition of c in the binary L01 alloy annealed for 4000 h at 900°C is consistent with that of the ferromagnetic phase, [27] also confirmed by Sato et al. [28] According to the binary Al-Co phase diagram, the ferromagnetic-paramagnetic transition in c occurs near a The overall compositions are averaged from the measurements on all alloys in the three-phase c + D0 19 + B2 field. The uncertainties represent 95 % confidence intervals. No uncertainty was given by Kobayashi et al. [3] 2 Mention of any commercial product is for completeness and does not constitute an endorsement by NIST.
mole fraction of Al of 8 % Al at 900°C. [29] Diffusion couple experiments are presently being conducted by the authors to elucidate on boundaries between the ferromagnetic and paramagnetic phases in this region.
c¢ Dissolution Kinetics
The reason for the slow dissolution of the c¢ phase and the persistence of a four-phase microstructure even after 8000 h of annealing in these alloys is not apparent. Possible explanations include: (1) a quaternary impurity, (2) slow diffusion processes, (3) low driving force for dissolution of c¢ or (4) coherent equilibrium effects. Careful examination of EDS spectra from the samples indicates the absence of any other component in the alloys. The detection limit is likely to be a mass fraction of about 0.1 %. Analysis of possible C and O contamination also reveal concentration levels of less than a mass fraction of these elements of 0.1 %.
While W diffusion in these alloys will be significantly slower than Al, it is unlikely the source for the slow dissolution of the c¢ phase. Table 3 lists the available tracer diffusion coefficients in each of the present phases, [30] [31] [32] [33] [34] [35] while Table 4 lists the calculated W tracer diffusivities at 900°C for each alloy composition predicted using the assessments published by Cui. [32, 33] In the matrix, c phase, the W diffusivity is an order of magnitude slower than the Al diffusivity; however, the estimated diffusion distance at 900°C after 4000 h is 10 lm. Although there are no measurements of the diffusivity of W in the Co-Al based c¢ phase, based on the diffusivity measurements in the Ni-based system the W diffusivity in the c¢ Co-Al based alloys is excepted to be within 50 % of the diffusivity in the c phase and have diffusion distance at 900°C after 4000 h of approximately 7 lm. Nakamura [34] measured the self-diffusivity of Co in the CoAl-B2 phase and reported that the diffusivity of Co in the B2 phases is approximately 2 orders of magnitude slower than that in the c phase. Assuming the W diffusivity in the B2 phase is similar or slower than the Co, the estimated diffusion distance in a B2 phase after 4000 h at 900°C is approximately 1 lm. Initial interdiffusion measurements report by Ravi and Paul [35] suggest that diffusivity in the l phase is 2 orders magnitude faster than in c phase. Thus, after 4000 h, and ultimately 8000 h, at 900°C there should be adequate diffusion to reach equilibrium.
The assumption that the slow dissolution of the c¢ phase is not diffusion controlled is also supported by work in the binary Co-W alloy system. Under the same conditions, a melt-spun binary Co-W alloy, which has an initial FCC (c) microstructure, forms an equilibrium c + D0 19 structure without difficulty after 168 h at 900°C. It is noted that presently the experimental information on the diffusivity in the Co-W D0 19 phase is limited but is thought to be similar to the diffusivity in the related L1 2 structure and to follow ''Cu 3 Au'' which states that the diffusivity of the minority species is significantly slower than majority species. [36] Thus the W diffusivity is expected to be at least an order of magnitude slower than Co in the D0 19 structure. Previous studies on the discontinuous precipitation of the Co-W D0 19 phase from the c phase at 900°C [37] indicate that the diffusivity is sufficient that equilibrium should be achieved after 4000 or 8000 h. In addition, preliminary measurements have been conducted by the present authors on diffusion couples in the single phase c region of the Co-Al- Fig. 3 suggests that despite the slow diffusion in the B2 and possibly the D0 19 phases this is not a likely cause for the slow dissolution of the c¢ phase.
Another possibility is that there may be a low driving force for the dissolution of c¢. It has been shown that small additions of alloying elements to Co-Al-W alloys can stabilize the c¢ phase. [21] [22] [23] [24] [25] Recent DFT calculations also suggest the energy of the ternary Co 3 (Al,W) L1 2 intermetallic may lie only a few meV (or <1 kJ/mol) above the convex hull representing equibrium c + B2 + D0 19 , [38] indicating the driving force for c¢ dissolution is likely quite low. This low driving force would be reflected in the microstructural evolution by the existence of very small levels of supersaturation within the phases to drive the diffusion processes required for c¢ dissolution. The preliminary results of annealing at 850°C, where the c¢ phase is observed to nearly completely disappear after 4000 h, seem to support this hypothesis; i.e. the driving force for dissolution of c¢ is greater at this lower temperature while diffusion remains rapid enough for the alloy to the transform. Detailed examination of the microstructure shows contact between all pairs of phases in the four phase mixture, so that existence of a diffusion barrier effect is not likely.
Coherency effects are another possibility. There is considerable evidence for alloys L03 and L04 (see Fig. 3 ) that fine coherent microstructure of c + c¢ persists as a microconstituent of the overall four phase structure for long annealing times. This microstructure remains fine despite the formation and coarsening of the B2 and D0 19 phases. Theoretical analysis of the effects of coherency strain and the elastic contribution to the free energy are known to cause violations of the simple phase rule generally applied to alloy systems. [39] Coarse particles of c¢ are found in the microstructures of Fig. 3 and 4 , coexisting with the fine coherent c + c¢ structures. These large particles also appear to be slowly dissolving. Coherency effects combined with a small driving force for c¢ dissolution may provide an explanation for its persistence in this ternary alloy system.
Summary and Conclusions
The approach toward phase equilibrium in the Co-rich portion of the Co-Al-W system was investigated in six meltspun ribbon compositions. Four of the six as-spun ribbons were a single phase FCC solid solution; while the as-spun microstructure of the 12.5Al-7.5W and 12Al-15W compositions consisted of a primary FCC matrix with 100 nm scale B2 and B2 + l precipitates, respectively. These precipitates were observed to dissolve after 1000 h at 900°C, and the melt-spun material proved to be a suitably uniform starting material for studying microstructural evolution and approach to equilibria.
The L1 2 -c¢ phase was determined to be unstable in the ternary system at 900°C. This was apparent from the formation of all three equilibrium phases, c, D0 19 , and B2 in addition to c¢ in alloys selected to be with three-phase regions containing c¢ and two of the other three phases; and from the observed decrease in c¢ volume fraction with increasing annealing time, accompanied by a corresponding increase in D0 19 or B2, depending on the initial alloy composition. Additionally, heat treatments at 850 and 1000°C suggested that c¢ is most likely a nonequilibrium phase at all temperatures. The phase fraction and compositional data collected in the present study differed slightly from that published by Kobayashi et al.
The precise reasons for the apparent slow dissolution of c¢ were unclear. Quaternary element contamination was ruled out. Diffusion in the FCC-c phase was also found to be an unlikely contributor. However, diffusion in the remaining phases, as well as low driving forces for dissolution and coherency effects may all play a role in the slow approach toward equilibrium. Additional investigation is required to determine the exact mechanism involved.
Finally, the phase fraction and compositional measurements, although not true equilibrium values, were very near the equilibrium values, and will provide essential data required for developing an improved understanding of the thermodynamics in ternary Co-Al-W. A new 900°C isothermal section was presented using the data collected in this study.
